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Abstract: Deep marine low density turbidites of the Upper Cretaceous Tanjero Formation were studied in terms of their petrographic
composition to deduce the provenance of the unit around Arbat, northeastern Iraq. Petrographic works based on modal analysis of
the clastic rock fragments and released single minerals in silt, fine to coarse grained sandstone, and, in very small quantities, pebbly
sandstone show that these turbidites are mainly composed of sedimentary rock fragments such as carbonate, microcrystalline and
cryptocrystalline quartz bearing siliceous sedimentary cherts, Radiolaria bearing cherts, and released Radiolaria fossils from the cherts
during a short distance transportation. Quartz and feldspar ratios in the whole thin sections are below two percent. The turbidite
siltstones and sandstones are litharenite (calclithite) in composition, indicating sedimentary source rocks mainly consisting of carbonate
rocks, Radiolaria, and chert-rich limestone. There is no significant petrographic variation across the clastic succession of the area. The
composition of the clastic rocks suggests a recycled sedimentary source. Likewise, the QtFL ternary diagram suggests that the sediments
are derived from a lithic recycled provenance, which indicates not only the Lower Cretaceous deep marine Qulqula (radiolarian)
Formation as in the previous provenance works but also another deep marine unit, the Lower Cretaceous Balambo Formation, and a
shallow water Lower Cretaceous Qamchuqa formation.
Key words: Tanjero Formation, petrography, provenance, Arbat, northeastern Iraq

1. Introduction
The northern part of Iraq is an oil field area and there
are many studies summarized in this part of the paper.
The majority of them about the reservoir were done
on carbonates and some on clastic rocks, excluding
provenance analysis. The Tanjero Formation is the only
turbidite formation cropped out in the area that can
supply us with valuable petrographic data to establish a
correct provenance and the related tectonic setting of the
Cretaceous basin in the northeastern Iraq area.
Studies of the Tanjero Formation were carried out by
Dunnington (1958), Bellen et al. (1959), Kassab (1975),
Al-Mehaidi (1975), Abdel-Kireem (1986a, 1986b), Jaza
(1992), Minas (1997), Lawa et al. (1998), Karim (2004,
2007), Karim et al. (2012), and Karim et al. (2014) from
various angles like paleontology, lithostratigraphy,
biostratigraphy, sequence stratigraphy, sedimentology,
basin analysis, and lithofacies, but despite these studies,
mainly not published in international journals, the
petrography and mineralogical composition of turbidites

have not been studied seriously yet and are still poorly
understood.
Provenance types contribute distinctive detritus
preferentially to associate sedimentary rocks. For this
reason, clastic detrital components offer valuable data on
the provenance and pattern in which the sediments were
transported, especially after modification of the original
detritus by the interaction of physical and chemical
processes such as weathering, erosion transportation, and
paleoclimate (Johnson, 1976; Dickinson, 1988).
Turbidites also contain important information for
interpreting both the compositional tectonic setting and
the evolution of the continental crust that can be linked to
the depositional environment (Raymond, 1995; Cingolani
et al., 2003). Petrographic studies show that clastic rocks
can be used for classification of the provenance (Dickinson
et al., 1983; Bordy et al., 2004).
Geomorphologic, climatic, and tectonic factors of
the source area, as well as the textural and structural
characteristics, along with the transport styles, depositional
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environment, and diagenesis determine the petrographic
composition and texture of sedimentary rocks. Therefore,
detrital modes provide valuable information about
paleogeographic modifications at source areas, often
related to magmatic or tectonic activity, and also about
those sedimentary processes occurring at sedimentary
basins (Armas et al., 2014).
According to Scasso and Limarino (1997) and Beitler et
al. (2005), the analysis of diagenetic facies based on primary
porosity variations, the authigenic minerals and their
mechanisms of formation, paragenetic relationships, span
of processes and/or degree of diagenetic alteration, oxide
content, cement types, and compaction characteristics
makes it possible to deduce the diagenetic processes that
produced textural and compositional variations of the
original deposits. It is from this perspective that diagenetic
analysis has been developed (Armas et al., 2014).
The provenance of clastic rocks has been determined by
several petrographic techniques, including investigation
of the undulosity and polycrystallinity of quartz grains
(Basu et al., 1975; Young, 1976; Wanas and Abdel-Maguid,
2006), feldspar types (Pittman, 1970), rock fragments
(Pettijohn et al., 1987), scanning cathodoluminescence
of quartz grains (Matter and Ramseyer, 1985; Seyedolali
et al., 1997), and heavy mineral types and their chemistry
(Morton, 1985; Asiedu et al., 2000).
The Tanjero Formation crops out in northern Iraq
along the Iranian border (Figures 1 and 2), comprising

low density turbidites. Around Arbat, Sulaimaniyah,
Darbandikhan, and Dokan mainly sandstones dominated
by interbedded shale and subordinate mudstones were
studied to interpret the provenance. This sedimentary
succession has lateral and vertical conformable contacts
with the Shiranish Formation and is conformably covered
by the Kolosh Formation (Figure 2 and 3).
An essential task in this study was the petrographic
analysis of the low density turbidite sandstones of the
Tanjero Formation. The diagenetic processes were also
considered. On the other hand, modal analysis and
sandstone classification were performed for provenance
analysis proposes. This was based on the genetically
significant petrographic schemes of Dickinson and Suczek
(1979) and Dickinson et al. (1983).
The main purpose of this paper is to interpret the
sandstone petrography so as to characterize the detrital
sediments of the Tanjero Formation and to infer its
provenance in the northern margin of the Arabian Plate.
This will serve as a foundation in developing a depositional
model of the Late Cretaceous units in the area. This study
is a first step to work on the petrography of the Tanjero
Formation and is expected to open a way to complete this
undertaking in subsequent studies on the other outcrops
of the formation throughout the northern part of Iraq.
In summary, this study consists of both field
and laboratory works based on sedimentological,
compositional, textural, and modal provenance analyses

Figure 1. Location map showing study area in the eastern part of Sulaimaniyah, northeastern part of Iraq.
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Figure 2. Detailed geological map of the northern part of Iraq. Arrows in the gray fans represent alluvium deposits during the Quaternary
(modified, merged, and redrawn from Sissakian and Fouad, 2015).
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Figure 3. Stratigraphic columnar section of northern part of Iraq (no scale) (modified from Karim 2010 and adapted for Figure 2).
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and diagenetic considerations for the Upper Cretaceous
Tanjero Formation. As a result, the provenance and
the tectonic setting of the Upper Cretaceous basin in
the northeastern part of Iraq and the Zagros area are
controversial since, as mentioned in Section 2, only the
Lower Cretaceous Qulqula Radiolarian Formation (deep
marine) is shown in the previous tectonic setting models
as a source area during Upper Cretaceous time. In this
study a 64.04% rate of carbonate rock fragment was
obtained from petrographic analysis in the sandstones
of the Tanjero Formation. This result requires another
formation that represents a shallow water environment.
Therefore, the provenance and tectonic setting of the basin
have been reconstructed in this study.
2. Geological setting
The geological setting of the northern Iraq region
including the study area has been established mainly on
the tectonic division of Buday (1980) related to the closing
of the southern branch of the Neotethys Ocean and the
tectonic rise that resulted from the final collision between
the Iranian and Arabian plates. They divided the region
into four main parts: the Mesopotamian, Foothill, High
Folded, and Geosynclinal zones (Fouad, 2010). Later
Buday and Jassim (1987), Jassim and Goff (2006), and
Aqrawi et al. (2010) proposed the stable and unstable
shelf (foothill zone or low folded zone), high folded zone,
imbricated zone, thrust zone, or suture zone (nappe area)
(Figure 4).
The Tanjero Basin is located in the northern portion
of the Arabian Plate during the Late Cretaceous and the
formation covers a wide area along the Iranian border.
The geological evolution of the basin was controlled
by the Late Cretaceous northward subduction of the
Arabian Plate (Karim, 2004, 2007; Karim et al., 2012,
2014). The depositional history of the Cretaceous basin
consisting of the Tanjero Formation has been subjected
to some paleotectonic evolution studies like those of
Karim and Surdashy (2005) and Karim and Taha (2009).
The Qulqula Radiolarian Formation is the only source
rock in these tectonic evolution models on the northern
margin of the basin feeding the Shiranish, Tanjero, and
Kolosh formations and the Red Bed Series. The Balambo
Formation is located under the accretionary prism and
overthrusted by the Qulqula Radiolarian Formation so it
does not crop out anywhere to be a source for the basin
during the Upper Cretaceous (Figure 5).
The Tanjero Formation is an Upper Cretaceous
(Campanian-Maastrichtian) unit, which crops out within
the Imbricated and High Folded zones in northeastern
Iraq. It stretches as a narrow northwest-southeast belt near
and more or less parallel to the Iranian border.
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The unit has conformably vertical and lateral relations
with the other formations and it is characterized by deep
marine low density turbidites in the study area (Figure 6) like
the area between Sulaimaniyah and Surdash and all other
outcrops throughout the northern Iraq area according to
personal field works, despite previous studies (e.g., Karim,
2004, 2007; Karim et al., 2012) stating conglomerate and
limestone alternations.
Very rare sandy channel architecture (Figure 7) and
medium to fine grained sheet-like sandstone and shale
facies (Figure 7) associations of the turbidites (sandstone
49.8%, shale 51.2%) represent a transition area between the
middle and outer parts of the deep marine fan deposits of
Mutti and Ricci Lucchi (1978) (Figure 8) and point out the
“off-axis (FA-2) and lobe fringe (FA-3)” parts in the lobe
hierarchy model of the combination of Prelat et al. (2009)
and So et al. (2013) (Figure 9).
3. Methods
Twenty-five representative sandstone samples, labeled
as TL-1 to TL-25, were collected systematically from six
distinctive measured sections (Figure 10 and 11) on the
Arbat road section located in the southeastern part of
Sulaimaniyah.
Thin section petrographic studies were carried out
from the collected samples to identify the mineralogical
composition and to apply modal analysis. Compositional
analysis and classical point counting method were used to
apply the quartz (Q), feldspars (F), and rock fragments (R)
ternary diagram of Pettijohn et al. (1987). For each thin
section 500 points were counted under a polarized light
microscope following the GD point-counting method
(Gazzi, 1966; Dickinson, 1970) in the microscope laboratory
of the Department of Geology of Fırat University, Turkey.
Paleocurrent data were obtained following the method
of Tucker (2011), from microscale unidirectional and
bidirectional sedimentary structures such as flute marks,
current ripples, oriented plant materials, and parting
lineation. These data were statistically processed with the
rose diagrams in the software Geo Rose.
Folk’s (1951) maturity type table and the Qm-F-Lt
provenance ternary diagram of Dickinson et al. (1983)
were used in order to differentiate maturity type and major
provenance categories.
4. Petrography
For petrographic analysis a new style of table was created,
which includes the compositional ratio of Q, F, and Rf
(rock fragments), cement type, alteration/dissolution,
fossil contents, sedimentary structures, sorting, roundness,
modal classification for the ternary diagrams of Pettijohn et
al. (1987), the number of photos taken in each thin section,
and the rock name depending on grain size (Table 1).
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Figure 4. Tectonic map showing Foothill Zone, High Folded Zone, Imbricated Zone, and Zagros Suture Zone
from SW to NE direction in northeastern Iraq (Jassim and Goff, 2006).

Figure 5. Combination of tectonic and depositional setting of Late Cretaceous basin in which Tanjero Formation is deposited (Karim
and Surdashy, 2005).
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Figure 6. A) Schematic diagram showing an ideal turbidite bed with nine turbidite divisions by combining the five divisions of the
Bouma Sequence (Bouma, 1962) and the five divisions of the Lowe Sequence of high density turbidites (Lowe, 1982). Note that R1 is not
shown. According to Lowe (1982), S3 = Ta on the right-hand column (according to Shanmugam, 2012). B) General view of one part of
the turbidites in the log TL-3; C) close-up view of a bed consisting of Ta-b and c divisions of the full Bouma sequence. TL-2 and TL-1
log locations are seen in the same photo.
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Figure 7. Sinuous sandy channel architecture with erosional base at the bottom of log TL-2. Paleoflow direction is from us to the
photo from flute mark. View to the SW.

Figure 8. Conceptual diagram of the classic ancient fan showing inner, middle, and outer fan segments (Mutti and Ricci Lucchi, 1978).
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Figure 9. (a) Facies associations are classified on the basis of predominant lithology
(sand or mud), sandstone bed thickness (very thick/thick beds or medium/thin beds:
dashed line box), and proportion of mudstone facies (60%–80% or >80%: bold line
box). FA: Facies association applied to the lobe hierarchy model (b) of Prelat et al.
(2009). (c) The application of the facies associations using a sedimentary log in the
Gomseom section (So, 2013).

Figure 10. Google Earth image showing the log locations. Arbat road (SE of Sulaimaniyah), view to the W.
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Figure 11. Six measured sections containing sandstone sample locations show location and type of paleoflow data. The patternless parts
of the sections mean “covered”.
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-
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99.4 (chrt: 17, crbnt: 52,
mudstone with Radiolaria Calcite
+ released Radiolaria: 31)
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Alteration/
dissolution
Carbonate rock
fragments to
calcite, feldspar
to clay
Carbonate rock
fragments to
calcite, feldspar
to clay
Benthic shell
fragments,
reworked
Radiolaria
Benthic shell
fragments,
reworked
Radiolaria

Fossils

Carbonate rock
fragments to
calcite, feldspar
to clay

Rare benthic
Carbonate rock
shell fragments
fragments to
+ reworked
calcite
Radiolaria
Carbonate rock
fragments to
calcite, feldspar
to clay

Rare black subhedral
opaque, hematite,
subrounded bright
green glauconite
Rare black subhedral
opaque, hematite,
subrounded bright
green glauconite, tiny
rare bitumen fillings
Hematite, tiny rare
bitumen fillings,
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-

-

-

-

-

Slight grain
orientation
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shell fragments
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Sorting

-
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Wavy deformed
secondary calcite Poor
in fractures

Rare benthic
shell fragments, Calcite fillings in
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microfractures
Radiolaria

Rare benthic
shell fragments
+ reworked
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Carbonate rock
fragments to
calcite, feldspar
to clay

Hematite, subrounded
bright green glauconite,
tiny rare bitumen
fillings

Rare benthic
shell fragments
+ reworked
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Carbonate rock
fragments to
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reworked
calcite
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Globigerina
Carbonate rock rare benthic
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fragments to
shell fragments
bright green glauconite
calcite
+ reworked
Radiolaria

Hematite, tiny rare
bitumen fillings,
subrounded bright
green glauconite

Hematite, tiny rare
bitumen fillings,
subrounded bright
green glauconite

Hematite, tiny rare
bitumen fillings

Other components

Table 1. Petrographic content of the thin sections (the numbers for Q, F, and RF were rounded to the nearest whole numbers)

classification

Modal

Subangular
rock clasts, very
angular cherts
and quartz
Subrounded
rock clasts, very
angular cherts,
hematite and
quartz
Subangular
rock clasts, very
angular cherts,
hematite and
quartz
Subangularsubrounded
rock fragments,
very angular
cherts, hematite
and quartz
Subangularsubrounded
rock fragments,
very angular
cherts and
subrounded
quartz
Subangularsubrounded
rock fragments,
very angular
cherts and
quartz
Subangularsubrounded
rock fragments,
very angular
cherts and
quartz
Calclithite

Calclithite

Calclithite

Calclithite

Calclithite

(greywacke)

Calclithite

(greywacke)

Calclithite

Subangular rock
fragments, very
Calclithite
angular cherts
and quartz
Subangular rock
fragments, very Calclithite
angular cherts (greywacke)
and quartz

Roundness

28

10

8

2

15

12

4

4

16

No. of
photos

Medium
grained
sandstone

Pebbly
medium
grained
sandstone

Pebbly
medium
grained
sandstone

Very fine
grained
sandstone

Pebbly fine
grained
sandstone

Pebbly fine
grained
sandstone

Medium
grained
sandstone

Medium
grained
sandstone

Coarse
grained
sandstone

Rock name
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Table 1. (Continued).
Cement

Calcite

Calcite

Calcite

Calcite

Calcite
(30%)

Calcite

%RF

99.8 (chrt: 15, crbnt: 60,
mudstone with released
Radiolaria: 25)

99.7 (chrt: 9, crbnt: 78,
Siltstone, mudstone with
released Radiolaria: 13)

99.4 (chrt: 10, crbnt: 80,
siltstone, mudstone with
released Radiolaria: 10)

99.3 (chrt: 8, crbnt: 70,
mudstone with released
Radiolaria: 22)

99.8 (chrt: 5, crbnt: 65,
mudstone with released
Radiolaria: 30)

99.3 (chrt: 37, crbnt: 52,
siltstone, mudstone with
released Radiolaria: 11)
-

-

-

-

-

-

Matrix

Reworked
Radiolaria,
benthic shell
fragments

Carbonate rock
fragments to
calcite, feldspar
to clay

Black euhedral heavy
minerals + very
well-rounded green
glauconite + hematite,
rare tiny bitumen
fillings

Rare benthic
shell fragments
+ reworked
Radiolaria

Sorting

Roundness
classification

Modal

Poor

Tightly
compacted

Poor

Subangular
rock fragments,
very angular
Calclithite
cherts and
subrounded
quartz

21

33

10

22

Subangular
rock fragments,
very angular
Calclithite
cherts and
subrounded
quartz
Subangularsubrounded
rock clasts, very Calclithite
angular cherts
and quartz

10

10

No. of
photos

Subangular rock
fragments, very
angular cherts
Calclithite
and quartz +
well-rounded
glauconite

Subangularsubrounded
Weak pebble long
rock fragments, Calclithite
Moderate
axis orientations
very angular
(greywacke)
cherts and
quartz

-

Poor

Secondary calcite
occurrences in
microfractures
Poor
and pebble
orientation

Subangular rock
Secondary calcite
fragments, very
occurrences in
Moderate angular cherts, Calclithite
microfractures
hematite and
quartz

Sedimentary
structures

Reworked
Radiolaria +
and foram shell
fragments

Globigerina,
reworked
Radiolaria,
benthic shell
fragments

Carbonate rock
fragments to
calcite, feldspar
to clay

Carbonate rock
fragments to
calcite, feldspar
to clay

Carbonate rock Globigerina
fragments to
+ reworked
calcite
Radiolaria

Opaque, black
euhedral-subhedral
heavy minerals + very
Carbonate rock
well-rounded green
fragments to
glauconite, carbonized
calcite
plant fragments,
tiny bitumen fillings
common

Opaque, black
euhedral-subhedral
heavy minerals, rare
tiny bitumen fillings,
hematite

Opaque, black
euhedral-subhedral
heavy minerals,
hematite, tiny rare
bitumen filling,
subrounded bright
green glauconite
Opaque, black
euhedral-subhedral
heavy minerals 1%
+ very well-rounded
green glauconite,
carbonized plant
fragments, rare tiny
bitumen fillings

Globigerina +
Carbonate rock
benthic shell
fragments to
fragments +
calcite
Radiolaria

Hematite, tiny rare
bitumen fillings,
subrounded bright
green glauconite

Fossils

Alteration/
dissolution

Other components

Medium
grained
sandstone

Very fine
grained
sandstone

Medium
grained
sandstone

Pebbly fine
grained
sandstone

Fine grained
sandstone

Very fine
grained
sandstone

Rock name
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Mainly
calcite,
some
clay

Calcite
(20%)

99.5 (chrt: 2, crbnt: 83,
siltstone, mudstone with
released Radiolaria: 15)

matrix

Calcite +

99.8 (chrt: 7, crbnt: 65,
siltstone, mudstone with
released Radiolaria: 27)

99.5 (chrt: 11, crbnt: 65,
siltstone, mudstone with
released Radiolaria: 24)

Calcite

99.9 (chrt: 20, crbnt: 30,
siltstone, mudstone with
released Radiolaria: 50)

-

-

-

-

-

Calcite

99 (chrt: 15, crbnt: 70,
siltstone, mudstone with
released Radiolaria: 15)

Matrix

-

Cement

98 (chrt: 25, crbnt: 30,
mudstone with Radiolaria Calcite
+ released Radiolaria: 45)

%RF

Rare benthic
shell fragments
+ reworked
Radiolaria

Black euhedral heavy
minerals 1% + very
well-rounded green
glauconite, carbonized
plant fragments, rare
tiny bitumen fillings
Carbonate rock
fragments to
calcite, feldspar
to clay

Rare benthic
shell fragments
+ reworked
Radiolaria

Light wavy
calcite-filled
fractures, early
stage for stylolite

Microfractures
filled by calcite

-

-

Rare benthic
Carbonate rock
shell fragments
fragments to
+ reworked
calcite
Radiolaria
Rare benthic
Carbonate rock
shell fragments
fragments to
+ reworked
calcite
Radiolaria

-

Tightly
compacted

Sedimentary
structures

Carbonate rock
Released
fragments to
Radiolaria
calcite

Black subhedral
heavy minerals, plant
Carbonate rock
materials, angular green fragments to
glauconite, 7% bitumen calcite
fillings in pores

Black subhedral heavy
minerals, carbonized
plant fragments,
subrounded green
glauconite, hematite

Brown/black euhedral
heavy minerals,
hematite, rare tiny
bitumen fillings,
glauconite
Black subhedral heavy
minerals, carbonized
plant fragments,
subrounded green
glauconite, hematite

Reworked
Carbonate rock Radiolaria,
fragments to
benthic shell
calcite
fragments,
Globigerina

Brown/black euhedral
heavy minerals,
hematite, rare tiny
bitumen fillings

Fossils

Alteration/
dissolution

Other components

Roundness
classification

Modal

Poor

Poor

Poor

Very poor

Subangularsubrounded
rock fragments, Calclithite
very angular
(greywacke)
cherts and
quartz

22

20

8

Subangular to
subrounded
rock fragments,
Calclithite
very angular
cherts and
quartz
Subangular rock
fragments, very
Calclithite
angular cherts
and quartz

25

26

37

Pebbly fine
grained
sandstone

Pebbly fine
grained
sandstone

Pebbly fine
grained
sandstone

Pebbly
coarse
grained
sandstone

Pebbly
coarse
grained
sandstone

Medium
grained
sandstone

No. of
Rock name
photos

Subangular rock
fragments, very
Calclithite
angular cherts
and quartz

Subangularsubrounded
rock fragments,
Poor
Calclithite
very angular
cherts and
quartz
Subrounded
rock fragments,
Moderate very angular
Calclithite
cherts and
quartz

Sorting
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TL 5-5 0.3

TL 6-3 0.2

TL 6-4 0.7

23

24

25

0.376 0.044

0.1

-

Calcite

Calcite
(20%)

Calcite

99.7 (chrt: 9, crbnt: 67,
siltstone, mudstone with
released Radiolaria: 24)

99.8 (chrt: 6, crbnt: 67,
mudstone and released
Radiolaria: 27)

99.2 (chrt: 10, crbnt: 55,
siltstone, mudstone with
released Radiolaria: 35)

Others: 23.88

Carbonate RF: 64.04

Calcite

Calcite

99.8 (chrt: 12, crbnt: 73,
siltstone, mudstone with
released Radiolaria: 10)

Lithic chert: 12.08

Cement

%RF

-

-

-

-

-

-

-

Matrix

Slight grain
orientation

Veins filled by
calcite + early
stage for stylolite

Sedimentary
structures

Carbonate rock
fragments to
calcite, feldspar
to clay

Carbonate rock
fragments to
calcite, feldspar
to clay

Carbonized plant
fragments, euhedral
to subhedral opaque
minerals, reddish
brownish hematite,
bright green
subrounded glauconite,
bitumen fillings
(1%–8%) in nano- to
micropores
Globigerina,
reworked
Radiolaria and
bioclasts

Rare benthic
shell fragments
+ reworked
Radiolaria

Poor

Good

Very
poor

Poor

Sorting

Slight grain
orientation (not Poor to
representative for moderate
all sections)

-

Globigerina
Carbonate rock + reworked
fragments to
Radiolaria,
calcite
foram fragments
with pellets

Rare benthic
Carbonate rock
shell fragments
fragments to
+ reworked
calcite
Radiolaria

Black subhedral
heavy minerals + very
well-rounded green
glauconite + plant
materials

Black subhedral
opaque minerals,
subroundedgreen
glauconite, micropores
filled by bitumen very
rare
Carbonized plant
fragments, euhedral
opaque minerals,
reddish brownish
hematite, bright
glauconite, bitumen
fillings in nanopores

Rare benthic
Carbonate rock
shell fragments
fragments to
+ reworked
calcite
Radiolaria

Black euhedral heavy
minerals + rare tiny
bitumen fillings,
hematite

Fossils

Alteration/
dissolution

Other components
classification

Modal

8

Subangularsubrounded
rock fragments,
Calclithite
very angular
cherts and
quartz

15.16

8

Subangularsubrounded
rock fragments, Calclithite
very angular
(greywacke)
cherts and
quartz

Subangularsubrounded
rock fragments,
Calclithite
very angular
cherts and
quartz

14

6

No. of
photos

Subangular rock
fragments, very
Calclithite
angular cherts
and quartz

Subangularsubrounded
rock fragments, Calclithite
very angular
cherts and
quartz

Roundness

Note: All the quartzes in the thin sections are monocrystalline with strait extinction, except two in the photo, TL1-1-0007 and TL5-5-0007, which are polycrystalline.

Average

-

TL 5-4 0.2

22

-

%F

Thin
section %Q
No. no.

Table 1. (Continued).

Very fine
to coarse
grained
sandstone

Pebbly
medium
grained
sandstone

Very fine
grained
sandstone

Pebbly fine
grained
sandstone

Pebbly coarse
grained
sandstone

Rock name
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Compositional analysis (Table 1) and classical point
counting method were used to apply the quartz (Q),
feldspars (F), and rock fragments (R) ternary diagram of
Pettijohn et al. (1987). According to the analysis the low
density turbidites sandstones of the Tanjero Formation
(U. Cretaceous) are classified as a calclithite subdivision of
litharenite (Figures 12 and 13).
Texturally the turbidites are very fine to coarse grain
sandstone (Table 1). The sandstone framework consists of
subangular to subrounded rock fragments, very angular
lithic cherts, and quartz fragments (Figures 14–17) with
concavo convex, long grain, point, and tangential grain
contact types (Figures 18–20). The majority of the contact
types are point, tangential, and long grain, rare and slightly
concavo convex (Figures 21–23) and fairly little sutured
(Figure 23, between carbonate rock fragments). These
contact types reflecting the diagenetic events imply that
the compaction degree is low to moderate. The effects of
compaction are also manifested in the grain deformation.
In the turbidite sandstone studied, the grains are not
deformed, only exhibiting evidence of fragile deformation
in a few cases, mainly in the grains’ vertices or within
internal grain cracks (Figures 14 and 19). The analysis
types of contact and contact index (average number of
contacts per grain) allow us to establish the characteristics
of the rock packing.
The contact index of the sandstone is 3.6. The contact
types of the sandstone in this study point out moderate to
tight packing; however, it is changing among the samples,
and the prevailing of point and tangential contacts suggests
that the grains were already cracked at the moment of
deposition or already had cracks during in the host rock
of source area.
Floating grain contact is represented by greywacke
calclithites since the cement ratio is more than 15% (Table
1, greywackes, TL 1-3, TL 1-4, TL 1-6).
The main cement is calcite filling the interstitial pores
and also replacing the grains, while clay and matrix
are secondary and in a very low ratio. Solid bitumen
fillings are seen in many thin sections (Table 1, ‘Other
components’ column) and block pore spaces and stain the
calcite cement to brownish-yellowish in color (Figures 14,
16, 18, 20, 22, and 23).
The turbidites of the Tanjero Formation have
monocrystalline, very angular to angular common
quartz with straight full extinction (Table 1). The ratio
of the quartz is 0.376% on average (Table 1) for the unit
in this study. Only examples of the thin section having
polycrystalline quartz are labeled in the photo as TL1-10007 and TL5-5-0007. The feldspar ratio is 0.044%, less
than that of quartz. Only one photo could be taken to
illustrate feldspar in this study (Figure 23, PPL and XPL
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images). In this thin section the feldspar with tartan twins
can hardly be seen, highly sericitized and altered to clay
minerals. Rare heavy mineral presence is notable with low
concentrations; hematite and pyrite are the most common.
As lithoclasts, carbonate rock fragments are the main
constituent of the turbidite sandstone with a rate of
64.04%. Lithic chert has a rate of 12.08% and the others
are shale, silt, released-reworked Radiolaria fossils,
shell fragments of benthic fossils, radiolarian chert, and
radiolarian mudstone clast with a rate of 23.88% (Table 1).
No metamorphic or magmatic rock clasts were seen in any
thin sections.
All the petrographic examinations show that the
turbidite sandstone of the Upper Cretaceous Tanjero
Formation, having less than 5% clay, angular to subangular
grains, poor sorting, dominant tangential, and point
contact types, is submature (Figure 24). This maturity type
also indicates a close source area for the sandstone.
5. Paleoflow analysis
Two main types of sedimentary structures were measured
on the log sections (Table 2). These are as follows.
5.1. Unidirectional sedimentary structures
The types of unidirectional sedimentary structures in the
unit are represented by cross bedding, ripple marks, and
flute casts. The main direction is toward the southeast
(Figure 25).
5.2. Bidirectional sedimentary structures
The type of bidirectional sedimentary structures in the
logs consists of oriented plant material, groove casts,
and parting lineation. The main direction is toward the
northwest and southeast (Figure 26).
5.3. Rose-diagram plotting
In the studied area plotting data consisting of bidirectional
and unidirectional sedimentary structures based on the
Geo Rose program were used as follows:
1- The original dip direction data of the compass readings
were taken in the field as compass quadrant readings, but
for entering them in the PC they were converted to their
equivalent azimuthal readings.
2- According to Potter and Pettijohn (1977) and Tucker
(2011), there is a limit for tilt correction. If tilt is below 30°,
correction is not necessary. In the studied area, since the
dip angles of the turbidite sandstone beds are less than 30°
(Figure 27), no correction was done.
3- The azimuths of these structures are plotted on the rose
diagram using the Geo Rose program. The options of “full
rose” and “bidirectional” are given to the program when
the bidirectional sedimentary structures are entered while
for unidirectional ones the “half rose” and “unidirectional”
option is activated.
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Figure 12. Qm-F-Rf and related subdivision V, S, M ternary diagrams
illustrating the classification of the sandstones in the study area (after Pettijohn
et al., 1987, redrawn by computer).

Figure 13. Close-up view of the Rf corner of the ternary diagram in Figure 12.
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Figure 14. PPL and XPL images show differences between
radiolarian chert (Rch) and black carbonate rock fragments
(BCrf). BCrf is pale dirty yellowish while Rch shows colorlesswhite in PPL view. Under XPL chert microcrystals are visible
and lighter than BCrf in contrast as a whole clast. Red arrows
represent calcite cement. Solid bitumen (Bt) visible in both
images causes brownish-yellowish staining on the calcite
cement. A Radiolaria fossil (R) on the Rch. Crf: Carbonate rock
fragment, PPL: plane-polarized light, XPL: cross-polarized light
(thin section no. TL2-3, photo no. 0009-0010).
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Figure 15. Greywacke; calcite cement ratio (red arrows) is
more than 15%, including well-rounded reworked bright
green glauconite (G). Macrocrystalline lithic chert fragments
are bearing Radiolaria fossils infilled by chalcedony seen just
above the scale bar in XPL image. Note the calcite filling in
the microfracture in black carbonate rock fragment (BCrf) in
the left upper part of the photo and calcite replacement on the
grains in XPL image. Bt: Solid bitumen fillings, Crf: carbonate
rock fragment, Rch: radiolarian chert, PPL: plane-polarized
light, XPL: cross-polarized light (thin section no. TL2-6, photo
no. 0009-0010).
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Figure 16. Solid bitumen (Bt) in the intergranular and moldic
pores. The right side of the center bitumen filling is encircling
one of the released-reworked and chalcedony-filled Radiolaria
(R) fossils. Left one fills the pore space between a Radiolaria fossil
and a BCrf. Macrocrystalline (MaCh) and cryptocrystalline
(MaCh) lithic chert clasts are seen together on the right upper
side of the image. Note the bitumen-related stained calcite
rim around the angular black carbonate rock fragment (BCrf)
clasts. Crf: Carbonate rock fragment, Rch: radiolarian chert, red
arrows: calcite cement, PPL: plane-polarized light, XPL: crosspolarized light (thin section no. TL2-7, photo no. 0013-0014).

Figure 17. Euhedral and subhedral opaque minerals are
concentrated in this part of the thin section. These are
interpreted as organic matter (solid bitumen)-related pyrite
and hematite. One hematite (Hm) is reddish-brownish in color.
Less in the other parts of this section and the other samples in
this study. Pale yellowish rectangular clast is an altered/calcite
replaced radiolarian mudstone (Rm) clast having Radiolaria (R)
fossils. Calcite cement and calcitization is common, especially
visible around the black carbonate rock fragment (BCrf). Crf:
Carbonate rock fragment, PPL: plane-polarized light, XPL:
cross-polarized light (thin section no. TL2-7, photo no. 00150016).
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Figure 18. Red dashed lines are showing the grain contacts. Since
the radiolarian chert (Rhc) along the left margin of the image is
mainly replaced by calcite it is hard to recognize the contact of
the grain. These kinds of clast and the other stained lithic Rch
clast below the bitumen fillings with full in situ Radiolaria (R)
fossils (white circulars) were misinterpreted as matrix in some
previous studies; however, there is a clear visible calcite cement
represented by red arrows in the images here. Macro- (MaCh),
micro- (MiCh), and cryptocrystalline (CtCh) cherts are together
in the image. Bt: Solid bitumen fillings, BCrf: black carbonate
rock fragment, PPL: plane-polarized light, XPL: cross-polarized
light (thin section no. TL3-5, photo no. 0036-0037).
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Figure 19. An example of angular monocrystalline quartz
(Qm) having straight full extinction in the middle of the
images has very low percentage in all thin sections. Note the
concavo convex contact between the quartz and radiolarian
mudstone (Rm), below also seen between black carbonate rock
fragment (BCrf) and Rm (PPL view). Long grain contact is also
common in this thin section. Released and reworked Radiolaria
fossils (R) were accepted as lithic fragments like radiolarian
chert (Rch) and Rm. This photo is a good example for tightly
compaction. Note the color diversity between shale clast (Sh)
and black carbonate rock fragments (BCrf) in both PPL and
XPL images. Calcite cement was generally affected and stained
by bitumen fillings (red arrows) possibly in the close area of this
sample although not so much in this image. Bt: Solid bitumen
fillings, Crf: carbonate rock fragment, PPL: plane-polarized
light, XPL: cross-polarized light (thin section no. TL4-4, photo
no. 0003-0004).
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Figure 20. Very angular macrocrystalline chert (MaCh). Solid
bitumen (Bt) filling in the intergranular pores and its brownishyellowish stain on the calcite cement (red arrows) around the
contact of Bt. Radiolaria fossils (R) (white circular specks in
radiolarian cherts, Rch, in PPL image) are mainly replaced by
calcite and bitumen fillings in the moldic pores. Calcite crystals
(C) with cleavage in left lower part and twins in right upper
side of the image. Concavo convex and weak sutured contact
types are present between calcite crystals, cherts, and carbonate
rock fragments. BCrf: Black carbonate rock fragment, Crf:
carbonate rock fragment, MiCh: microcrystalline chert, PPL:
plane-polarized light, XPL: cross-polarized light (thin section
no. TL4-4, photo no. 0023-0024).

Figure 21. Poorly sorted, angular to subangular, tightly
compacted grain composition. Green glauconite (G) in the
center of a shallow water fossil shell reworked together. Three
angular monocrystalline common quartz (Qm) grains with
straight full extinction. Note that there is no grain orientation.
Solid bitumen fillings (Bt) cause staining on the calcite cement.
Released Radiolaria fossil (R) ratio as fragments (white circular
specks in PPL image) is rising in this section. C: Calcite crystal,
Crf: carbonate rock fragment, BCrf: black carbonate rock
fragment, PPL: plane-polarized light, Rch: radiolarian chert,
XPL: cross-polarized light (thin section no. TL5-1, photo no.
0001-0002).
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Figure 22. It is hard to see the constituents of the thin section
due to intense calcitization and calcite replacements. Two types
of pore space filled by solid bitumen (Bt). Intragranular pores on
the lithic clasts and reworked fossil shell fragment (Sf) were filled
by disseminated bitumen (Dbt), and connected intergranular
pore was filled by solid bitumen. Calcite crystals (C) with twins
and cleavage are common. Weak sutured contact type (Str)
between some rock fragments. Ab: Air bubble (thin section
fault), Crf: carbonate rock fragment, CtCh: cryptocrystalline
chert, MiCh: microcrystalline chert, PPL: plain-polarized light,
XPL: cross-polarized light (thin section no. TL5-3, photo no.
0019-0020).
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Figure 23. Released single Radiolaria fossil (R) filled by
chalcedony relatively bigger (0.17 mm) than the others in
the thin sections with concavo convex contact with the two
shale (Sh) clasts around it. Red arrows show calcite cement.
Intragranular (in the big radiolarian chert clast, Rch, mainly
replaced by calcite in the right lower corner of the image) and
intergranular pores were blocked by bitumen fillings (Bt).
Tangential (point) grain contact between. Red dashed lines
show single Rch grain border. Solid bitumen stains majority of
the calcite cement. Poorly sorted, very angular to subrounded
grains were tightly compacted. Crf: Carbonate rock fragment,
CtCh: cryptocrystalline chert, F: feldspar, PPL: plane-polarized
light, X: thin section glue (thin section fault), XPL: crosspolarized light (thin section no. TL6-4, photo no. 0005-0006).
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Figure 24. Types of maturity (Folk, 1951). “Submature” is the type for the turbidite sandstones of the
Tanjero Formation. Clay content is less than 5%; poorly sorted; grains are angular to subangular.

6. Provenance
The application of the analyzed data to the tectonic
provenance plots (Qm-F-Lt) of Dickinson et al. (1983)
indicates that the sedimentary rocks are included within
the “lithic recycled” category (Figure 28). In addition to
the sandstone modal analysis, paleocurrent data from the
unidirectional and bidirectional sedimentary structures in
the turbidites, indicating flows to the SE, are also essential
to accurately establish the location of the source area.
The composition of the turbidite sandstones of
the Tanjero Formation in the studied area shows the
occurrence of sedimentary rocks in the source area.
Taking this into account together with the petrographic
and paleocurrent data, it is possible to consider not
only one source area as the main one responsible for the
composition of sandstones.
The Lower Cretaceous Qulqula Formation situated
in the lowermost right-hand side of the stratigraphic
columnar section of the region was accepted as the only
source area by Karim’s studies (e.g., Karim and Surdashy,
2005; Karim and Taha, 2009). In Early Cretaceous times,
this was represented by a structural high to the north of
the basin composed of radiolarian chert, black limestone,
radiolarian mudstone, and limestone rocks of variable
grade (Karim, 2010; Karim et al., 2012). The other source
formation for the pelagic rock fragments of the Tanjero
Formation is thought to be the Lower Cretaceous Balambo
Formation, consisting mainly of radiolarian limestone and

deposited in a deep sea environment (Karim and Taha,
2009; Karim, 2010; Sissakian and Fouad, 2015; Sagular and
Algburi, 2018).
What is the source of the high rate of carbonate
rock fragments and the other shallow water indicators
mentioned in the following paragraph? In this provenance
study, the carbonate rock fragments with a rate of 64.04%,
rounded glauconite clasts, and broken and transported
macrofossil shells (see end of Table 1) indicate that a
shallow water formation must be located in the source
area.
The other Lower Cretaceous unit is the Qamchuqa
Formation located in the tectonic evolution model. Since
this unit consists mainly of shallow water rocks (Karim and
Taha, 2009; Sissakian and Fouad, 2015) and the formation
was deposited in reef, fore reef, and back reef environments
(Karim et al., 2012), it was interpreted as a source rock
in this study, including altered/dissolute carbonate rock
fragments and glauconite, for the Tanjero Formation. The
only problem is that it is located in the southern margin
of the basin and in contrast the paleoflow orientations
obtained from the sedimentary structures indicated from
NW to SE. As a result, the Lower Cretaceous Balambo and
Qamchuqa formations are offered to add to the source area
for the Upper Cretaceous Tanjero Formation.
Petrographic characteristics of the sandstone studied
indicate that the provenance is not changing during
deposition of the turbidite sandstones in the Tanjero
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Table 2. Paleoflow data obtained from sedimentary structures (unidirectional and bidirectional) collected from the measured
sections and five representative photos showing the main paleoflow directions.
No.

Paleoflow direction (X°), unidirectional Bidirectional Sedimentary structure Dip angle Dip direction (azimuth)

1

161

2

150

3

152

Ripple mark
332

25

225

Ripple mark

24

221

Plant material

25

221

4

128

Ripple mark

23

223

5

130

Ripple mark

23.5

224

23.2

221

6

214

7

163

343

8

210

30

9

211

10

110

11

156

Flute mark

290

Plant material
Plant material

23

220

Flute mark

21

221

Parting lineation

20

222

Ripple mark

25

225

12

136

Ripple mark

22

224

13

154

Ripple mark

24

223

14

208

28

Plant material

15

156

Ripple mark

21

227

16

134

Ripple mark

29

222

17

126

Ripple mark

21

224

18

140

Ripple mark

25

225

Ripple mark

20

222

25

226

Ripple mark

26

225

21

199

29

209

19

132

Ripple mark

20

140

Ripple mark

21

98

Flute mark

22

216

Flute mark

23

130

Flute mark

24

132

Ripple mark

25

134

314

26

132

312

27

140

Plant material
Plant material

28

236

56

Grove cast

29

132

312

Plant material

30

241

61

31

260

32

258

33

135

Grove cast
Flute mark

78

Grove cast

34

140

Ripple mark

35

142

Ripple mark

36

140

Ripple mark

37

148

Ripple mark

21

213

38

150

Ripple mark

23

214

39

146

Ripple mark

25

215
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Table 2. (Continued).
No.

Paleoflow direction (X°), unidirectional Bidirectional Sedimentary structure Dip angle Dip direction (azimuth)

40

134

Ripple mark

23

197

41

152

Ripple mark

27

196

Parting lineation and plant material orientations in the log:
TL-5

Plant material orientations in the log: TL-1

Current ripple in Bouma’s Tc division in the log: TL-4

Flute mark in the log: TL-4

Grove cast and flute mark in the log: TL-6
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Figure 25. Rose diagram showing unidirectional paleocurrent direction of the
turbidites in the studied area.

Figure 26. Rose diagram showing bidirectional paleocurrent orientation of the turbidites in the studied area.
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Figure 27. Bedding planes of sandstone beds in the studied area plotted on
Stereonet by Geo Rose software showing that dip angle is less than 30 degrees.

Figure 28. Qm-F-Lt ternary diagram illustrating tectonic provenance for the sandstone of the Tanjero Formation in the studied area
indicates “lithic recycled” category (after Dickinson et al., 1983, redrawn by computer).
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Formation for the studied area since the average sandstone
composition is not variable among lower, middle, and
upper parts of the measured sections. Sandstone was
supplied to this area throughout the turbidite time and
the interpreted source units of the Qulqula, Balambo, and
Qamchuqa formations to the north remained the same
during deposition.
7. Conclusions
The current study, conducted in the southeastern part
of Sulaimaniyah city on the road to the town of Arbat,
combines petrographic examination and provenance
analysis of the Tanjero Formation, a peripheral foreland
unit of the Upper Cretaceous basin on the north extension
of the Arabian Plate.
Petrographically the analyzed low density deep
marine turbidite sandstones of the Tanjero Formation are
calclithite of litharenite division with 64.04% carbonate
rock fragments according to ternary diagrams. Paleoflow
data indicate that the mean flow was toward the SE during
the Late Cretaceous.
Less than 5% clay, angular to subangular grains,
and poor sorting show a “submature” maturity stage,
indicating a short transportation and a close source area
for the sandstones.
Contact types are tangential, mainly long grain,
concavo convex, and sutured (rare) types. Contact types
and a high contact index (3.6) represent moderate to tight
packing and moderate compaction.

The compositional characteristics show the presence
of only sedimentary rocks in the source areas. The data
obtained from the modal analysis illustrate a lithic recycled
orogen as source area. Both the sandstone composition and
the paleocurrent analysis suggest that the source area was
the structural highs of the north-northwest of the Upper
Cretaceous basin, consisting of the deep marine Qulqula
Radiolarian and Balambo formations for radiolarian chert
fragments and planktonic fossils like globigerina and the
Qamchuqa Formation for the shallow water carbonate
rock clasts, transported fossil shell fragments, and
rounded glauconite, indicating shallow water for the study
area. These result shows that the Balambo and Qamchuqa
formations must be in the source area for the Tanjero
Formation during the Late Cretaceous, accompanying the
Qulqula Radiolarian Formation in the tectonic evolution
models.
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